A new method has been developed to define the directional parameter and characterize the structural anisotropy of a highly porous structure with extensive pore interconnectivity and surface area, such as scaffolds in tissue engineering. This new method called intercept segment deviation (ISD) was validated through the comparison of structural anisotropy from ISD measurements with mechanical anisotropy from finite-element stress analysis. This was carried out on a generated two-dimensional (2D) image of a two-phase material and a real three-dimensional (3D) image of a tissue scaffold. The effect of tissue regeneration and scaffold degradation on the anisotropy of the scaffold was discussed. The performance of other methods for quantification of the directional parameter was also assessed. The results indicate that the structural anisotropy obtained from this new method conforms to the actual mechanical anisotropy and provides a better prediction of the material orientation than the other methods for the 2D and 3D images studied.
INTRODUCTION I
T IS WIDELY ACCEPTED that porosity and material architecture are highly relevant to the mechanical behavior of porous materials, [1] [2] [3] such as tissue engineering scaffolds. These porous materials usually have structural (or architectural) anisotropy that is related directly to the mechanical and functional anisotropies. [4] [5] [6] [7] Much effort has been undertaken to formulate the relationship between architecture and mechanics to predict mechanical (elastic) anisotropy from structural anisotropy. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] A successful formulation, in conjunction with other parameters, would enable prediction of the mechanical and physical properties of porous materials and tailor these materials to meet certain criteria for designer materials. It has been recognized that the structural integrity, mechanical influence, and physical properties are important factors regulating the cellular response in the scaffold. 18, 19 In addition, knowledge of the structural anisotropy in advance from material images can facilitate experimental tests to determine the independent material constants needed for the macroscopic stress-strain relationships. Moreover, mechanical or physical properties (e.g., the elastic constants, tortuosity or permeability) of the porous media can be predicted along the principal directions of material images. In this study, we develop a method to assess the structural anisotropy of tissue engineering scaffolds, which usually have interconnected channel-shaped pores rather than isolated cavities to guide cell growth and proliferation in three dimensions. One of the challenging issues in developing such a quantification technique is the complex microstructural topologies of biomaterial scaffolds. Moreover, comparisons to the prediction of structural anisotropy with other methods, which have been traditionally used for characterizing trabecular bone architectures, are also discussed in the study.
The characterization of structural anisotropy (or material orientation) in porous media has largely relied on deriving global measurement of intercept segments (as a directional parameter), which occur at the intersection of test lines and the boundary of material phase. Several mathematical constructs based on the intercept segment have been provided in the literature for the measurement of a directional parameter, which can be used to evaluate the type and degree of structural anisotropy for porous media such as trabecular bone architectures. 8, 16, 20, 21 The directional parameter is typically plotted in polar coordinates with respect to test lines in various angles, and the resulting curve is called a rose diagram (RD). The material is isotropic if the best fit to the diagram is a sphere (or a circle for a two-dimensional (2D) material image), and the material is anisotropic if the diagram differs from a sphere. Practically, no material is completely anisotropic; therefore, for the purpose of engineering analyses, a material is assumed to be orthotropic at most (not fully anisotropic, i.e., no shear deformation would occur if the material is subjected to normal deformation in a principal direction). 22 In the orthotropic case, 1 material properties differ macroscopically in three mutually perpendicular directions (i.e., has three mutually perpendicular planes of material symmetry), and the best fit to the RD should be an ellipsoid. The directions of these fit axes are principal directions. The ratio of the length of major to minor principal axes in the ellipsoid, defined as the degree of anisotropy (DA), expresses the departure from isotropy and can be correlated to the disorders of biological functions. 6 If the RD is a spheroid, then the medium is transversely isotropic and has a rotational symmetry with respect to one of the principal axes (i.e., has symmetry properties in the plane normal to that principal axis). More importantly, through the decomposition of the principal axes of the ellipsoid to eigenvalue-eigenvector pairs, one can correlate the structural anisotropy and the mechanical anisotropy to obtain those elastic properties needed for stress analysis. 15 In this article a new method, named intercept segment deviation (ISD), is proposed to define the directional parameter for characterization of the structural anisotropy of highly interconnected tubular porous media with extensive surface area, such as tissue engineering scaffolds. The ISD method measures the standard deviation of intercept segments length, with respect to test lines in various angles, as the directional parameter. Conceptually, this directional parameter gives the degree of variability within the intercept segments about their mean intercept length and differentiates the material orientation from an idealized average material orientation. This new method is validated through the comparison of structural anisotropy from its measurements to mechanical anisotropy from finite element stress analysis (FEA). A generated 2D image of a two-phase material and a real three-dimensional (3D) image of a tissue scaffold are used to illustrate the comparisons over other methods. Also, the effects of porosity, individual phase geometry, and properties on the orientation of general two-phase materials have been systematically explored.
METHOD

Quantification of structural anisotropy
By applying a parallel array of test lines to a porous material image at angle ␣, intercepted line segments will arise at the intersection of the test lines with the boundary of the matrix phase. For example, a 2D material image having two phases (matrix and pores) is shown in Fig. 1 . The intercept (fabric) length has been identified as a directional parameter of relevance to the structural anisotropy of the material, and several different methods to derive this parameter have been proposed for characterizing the structural anisotropy of the porous material.
The mean intercept length (MIL) method, developed early in 1945, 23 has been applied to quantify the directional parameter for the anisotropy of trabecular networks in bones. 21, 25 The definition of MIL may be expressed as follows 9 :
where remains a constant and physically is proportional to the volume-surface ratio of pores dispersed in a matrix. 24 Therefore, N(␣) is the only variable in Eq. (1). If a sphere/isotropic phase interface exists, it is possible to obtain a spherical RD for an actually orthotropic medium (i.e., anisotropic structures with isotropy at the surface do exist 26, 27 ). Consequently, this method determines the orientation of the interface rather than of the material itself, although these are often well related. Several subsequent methods have been developed based on this "intercept length" concept for quantifying the structural anisotropy for trabecular architectures to overcome the potential problem associated with the MIL method, for example, the star volume distribution (SVD 8 ), the star length distribution (SLD 15 ), and the line fraction deviation (LFD 20 ) methods. The SVD is a volume-based method and is evaluated using an array of parallel test lines as a function of each direction in space as:
The SLD method is similar to SVD, but lightly weights the fabric intercepts in calculating the anisotropy in porous media and is expressed as:
A point grid algorithm for calculating the SVD and SLD was also presented in the literature, 16 in which it was concluded that these methods provide marginally better predictions of the mechanical anisotropy directions of cancellous bone than the MIL method.
Besides the methods listed above, the LFD method was developed and compared with MIL for measuring orientation of trabecular bone structures. 20 It was shown that the LFD method, which determines the standard deviation of the fraction of the intercept length under an individual test line in the ␣ direction, is more sensitive to anisotropy than the MIL technique. To the best of our
knowledge, no explicit formulation in stereological terms is available in the literature. Therefore, we present a mathematical expression for the LFD method according to our understanding of the original notion in the literature as:
where M(␣) is the number of total test lines in the direction ␣, and J j (␣) corresponds to the fraction of the intercept lengths for the jth test line. J(␣) is the mean value of J j (␣)'s with respect to M(␣):
We propose a new approach called the ISD method, unlike the LFD method, which takes into account the deviation of each intercept segment from the mean value of total segment lengths in a test line direction, and is defined as:
Mathematically, this method better reflects the degree of variability within the intercept segments than the LFD method and, physically, gives the variation of phase interface from an idealized sphere/isotropic phase interface.
In this study, two images were analyzed using the MIL, SVD, SLD, LFD, and ISD methods. The resulting RDs were compared with the mechanically determined anisotropy (which will be discussed later). One of the images is a generated 2D microstructure from a phase separation of polymer blends described by the Cahn-Hilliard-Cook model, which is an equation for phase separation. 28, 29 In this 2D material image, one of the material phases is set to mimic pores and the porosity is 0.5. Another image to be examined is a 3D representation of the microstructure from x-ray tomography of a tissue scaffold with a porosity of 0.45. A rotating pixel and coordinate transformation scheme, where each pixel in the test region (e.g., Fig.  1a ) was locally rotated to the test line direction, was adopted as suggested in the literature to facilitate the accurate measurement of the directional parameter. 20 Also, it is worthwhile to note that in order to avoid an orientation preference, we took a circular or spherical test region during the evaluation of the directional parameter ( 
Quantification of mechanical anisotropy
A major requirement for the relationship between structure and mechanics should be the ability to predict mechanical anisotropy from architectural anisotropy. There-CHIANG ET AL.
fore, numerical simulations of the elastic mechanical tests of porous media, using large-scale finite element models generated from the 2D and 3D images, have been performed to validate the aforementioned methods for quantifying the structural anisotropy. In order to obtain the dependency of the elastic properties on the test direction, square and cubic test regions at each particular test direction (␣) were chosen from the original 2D (for example, see Fig. 1b ) and 3D images, respectively. By taking the test region for different angles and applying various mechanical constraints and virtual deformation along the angles, an elastic modulus as a function of test direction can be constructed (a RD for mechanical anisotropy). The commercial finite element program, ABAQUS, 30 was used to simulate the mechanical test. The porous material was modeled as a two-phase material system in the finite element analysis based on the configurations shown in Figs. 1b and 2 . The matrix phase of the porous media was assumed to be a homogeneous, isotropic, and linear elastic continuum. In 2D analysis, a plane stress condition was adopted. Finite element meshes were generated using four-node and three-node isoparametric continuum elements provided by the program. In 3D analyses, finite element meshes were automatically generated using a voxelbased scheme developed in our lab. This scheme converts a high-resolution image into meshes with hexahedral elements. All elements in these meshes are identical and have the same dimensions as the voxels in the image. Millions of degrees of freedom are contained in the micro-finite element model for the material image studied here.
RESULTS AND DISCUSSION
To assess the aforementioned methods on the accuracy of predicted structural anisotropy, we first performed finite element analyses to establish the mechanical anisotropy for the 2D and 3D porous images in Figs. 1 and 2 , respectively. For the 2D image, the dotted line in Fig. 3a is the best elliptical fit to the RD of the modulus as a function of test direction. This elliptical fit implies that the two-phase material studied is orthotropic, having three mutually perpendicular planes of material symmetry. The directions of these fit axes are principal directions (i.e., no shear deformation would occur if the material is subjected to normal deformation in a principal direction). For the purpose of illustration, the RD of the mechanical anisotropy of the 3D image was decomposed into three independent RDs in the planes with respect to the original reference coordinates of the image in Fig. 2 . It was found that the principal axes for the 3D image were nearly identical to the original reference axes (x, y, and z). This is also why the longest axes of those three decomposed RDs (Fig. 3b) lie near 0°or 90°.
For the finite element analysis of mechanical response, the test region rotated with the test direction ␣ (i.e., Fig. 2) . As a result, the porosity of the image in each square test region could be different due to the random distribution of the pores in the material image. Because the mechanical response would be affected not only by the microstructure but also the porosity, it was worthwhile to examine the variation of the porosity in the test region as a function of the test direction. The result in Fig. 4 indicates that the deviation from the original porosity (ϭ 0.5) is minimal, and one can conclude that the resulting change in the elastic modulus shown in Fig. 3 is solely attributed to the microstructural change in the test direction rather than the porosity.
For a more general two-phase material case, the effect of the stiffness ratio on the type and degree of me-STRUCTURAL ANISOTROPY IN POROUS MEDIA chanical anisotropy has been examined. The stiffness ratio is defined as E 1 /E 2 , where E 1 and E 2 are the elastic moduli of the phase 1 and phase 2 materials, respectively. For each test direction, mechanical tests have been performed with the stiffness ratio varying from 1 to 10 4 , and the 2D image in Fig. 1 has been used for the mechanical test due to simplicity. Subsequently, RDs from the mechanical tests as a function of the stiffness ratio can be constructed. It is found that all the RDs have a reasonably good elliptic fit and their principal directions, as expected, remain unchanged, while the stiffness of the materials in the phases 1 and 2 changes (Fig. 5) . However, the mechanical DA is affected, which increases with the increase of the stiffness ratio and tends to be a determining value when the material has two strong-contrast phases (e.g., E 2 approaches zero, which corresponds to pores). The results in Fig. 5 indicate that the principal directions of the two-phase materials, if they exist, are only functions of geometry and the spatial arrangement (microstructure) of the two phases. Conversely, the mechanical DA of the twophase material is dependent not only on the microstructure, but also on the stiffness ratio of the constituents. In tissue engineering scaffolds, this implies that the existence of regenerated tissue (or cells) in pores does not alter the anisotropy of the scaffold, but relative rigidity between the scaffold material and the regenerated tissue may alter the DA of the scaffold. Practically, the rigidity of scaffold material is much more than that of the regenerated tissue, so the mechanical DA of the scaffold with filled regenerated tissues should be the same because it is an unfilled porous medium. Also, the tissue growth into a porous scaffold would represent a tri-phase material. The aforementioned statements should be adequate because the pores and materials grown in the pores can be treated, together, as an effective one-phase material since they are soft matters. Fig. 6 presents the RDs for structural anisotropy obtained from the MIL, SVD, SLD, LFD, and newly developed ISD methods for the 2D image in Fig. 1 . Also, for comparison, shown in the figure is the RD for the mechanical anisotropy obtained from the finite element analysis. Based on the similarity of the structural and the mechanical RDs, one can assume that the proposed ISD method has greater sensitivity to the material orientations than the other methods studied and can well predict the principal mechanical directions. Also, the RD obtained from the ISD method can attain a best elliptic fit (Fig.   STRUCTURAL ANISOTROPY IN POROUS MEDIA   1603 6), which indicates that the material images are considered to be orthotropic. In addition, this result supports the assumption that the mechanical orientations are aligned with the fabric orientations. Fig. 7 gives the comparison between the projected RDs, in three orthogonal planes, obtained from the FEA and the proposed ISD method for the 3D image in Fig.  2 . The 3D RDs of FEA and ISD method are spheroids (not shown here), which result in ellipses identical in shape after the projection (Figs 7a and 7c) . This indicates that the image in Fig. 2 macroscopically behaves as transversely isotropic material, which has a rotational symmetry with respect to the z axes. This information reveals that only five independent material constants need to be determined for the stress-strain relations in coordinates aligned with principal directions. For the purpose of clarity, the RDs obtained from other methods are not shown here. Overall, the results in Figs. 6 and 7 indicate that the ISD method gives accurate predictions in characterizing the structural anisotropy.
In order to examine the relationship of the pore shape and size to the structural anisotropy, one can keep the pore architecture constant (pore shape and connectivity) while changing the pore size (consequently, changing the porosity). The images in Fig. 8 were produced based on the image in Fig. 1 (porosity ϭ 0.5) by either expanding or contracting the matrix-pore interface uniformly. This also mimics an ideal reality in tissue engineering where the tissue regeneration and scaffold degradation take place simultaneously. For example, Fig. 8a can represent a structure starting from the scaffold alone (matrix volume fraction ϭ 0.6, porosity ϭ 0.4), to a composite structure of degrading scaffold and regenerating tissue (matrix volume fraction ϭ 0.5 to 0.2; i.e., Fig. 8b-e) , to almost regenerated tissue (matrix volume fraction ϭ 0.1; i.e., Fig.  8f ). Some of the RDs obtained from the ISD measurement corresponding to these microstructures are depicted in Fig.  9 . The result in the figure indicates that initially, the shape and the orientation of those RDs remain basically unchanged, and a best fit of ellipse for each diagram can be found. This suggests that the type of anisotropy of the structure remains orthotropic during the processes of matrix contraction (i.e., scaffold degradation) or pore expansion (i.e., tissue regeneration). Also, the diagram approaches a circle when the scaffold concentration reduces to 0.1. Fig. 10 shows the principal direction and the structural DA as a function of matrix volume fraction. During the degradation of matrix volume fraction from 0.6 to 0.2, the principal direction and the DA are roughly independent of the porosity while the shape and arrangement of the pore architecture remain unchanged. This result shows that the porosity and architectural orientation are independent parameters for quantitatively describing the mechanical and physical properties of porous media. For the further matrix degradation in Fig. 10 (i. e., the matrix volume fraction from 0.2 to 0), the DA tends to be 1.0, because the structure approaches isotropy. Also, at this stage, the RD is close to a circle, and consequently, the principal direction becomes singular (no preference of the material orientation). Fig. 11 gives the variation of the DA obtained using the ISD and MIL methods on the images of the porous engineering scaffold. Each datum in the figure corresponds to a mean value of DAs obtained from analyzing 4 to 6 cubic portions of the entire specimen. These cubic images were collected from different locations within the same specimen. It should be noted that regardless of the positions where these 3D sample cubes were taken, the porosity was essentially constant (the variation in porosity was less than 1%). This was done to keep the porosity constant, whereas the microstructure was various. From the value of the error bars in Fig. 11 , which is the standard deviation, one can see that the DA does not change significantly for the images from the same specimen (i.e., the same porosity). This is because each specimen can be treated as macroscopically homogenous. Also, for this engineering scaffold, the DA obtained from both methods reaches its highest value at a porosity of approximately 45%. There is a discrepancy between the DAs evaluated from the ISD and MIL methods. In the case of the ISD method, when the porosity becomes ei- ther lower or higher than 45%, the DA tends towards to unity. This agrees with the physical situation because the material becomes more isotropic (i.e., a one-phase material). However, the DAs analyzed using the MIL method, which has been widely used to quantify the anisotropy of trabecular networks in bones, do not agree with the physical situation for the engineering scaffold studied. In conjunction with the results in Fig. 5 (the independence of the principal direction on the stiffness ratio), Fig. 9 , and Fig. 10 , the result in Fig. 11 suggests that the proposed ISD method can be extended to any general two-phase materials for quantifying the directional parameter.
STRUCTURAL ANISOTROPY IN POROUS MEDIA
CONCLUSION
In this study, we have developed a new fabric-based scheme called the intercept segment deviation (ISD) method, which takes into account the local variation of the orientation, to quantify the directional parameter that characterizes the structural anisotropy of highly porous medium with complex microstructural topologies. The structural anisotropy calculated from this method agrees well with the actual mechanical anisotropy and performs better than any of the other methods studied. The study has presented the interrelationship of the geometry, spatial arrangement, and individual constituent properties on the macroscopic mechanical response of the two-phase materials. Also, we conclude that the concentration and structural anisotropy are two independent microstructural factors of relevance to the mechanical properties of two-phase materials, although the mechanical properties might be more related to the concentration. In addition, the degree of anisotropy obtained using the directional parameter from image analysis is only good for porous media or media with strong-contrast phases. The results presented here can facilitate the optimal design and fabrication of scaffold used in medicine and in tissue engineering. Finally, although the current study is based on use of a restricted set of microstructure images, the method can be extended to any general two-phase materials.
FIG. 9.
Structural anisotropy obtained from ISD method for some of 2D images in Fig. 8.   FIG. 10 . The variation of principal direction and DA with porosity for 2D image in Fig. 8.   FIG. 11 . The variation of the DA obtained using the ISD and MIL methods on the images of the porous engineering scaffold. The error bar is the standard deviation.
